The rat zona glomerulosa has a renin-angiotensin system that appears to function as an autocrine or paracrine system in the regulation of aldosterone production. To further investigate dynamic changes of production of renin and aldosterone in vitro we developed a primary monolayer culture of rat adrenal glomerulosa cells in serum-free medium. Collagenase-dispersed glomerulosa cells were incubated in PFMR-4 medium containing 10% fetal calf serum for 48 hours; the medium was then replaced with serum-free PFMR-4 medium. The cell viability and the aldosterone secretion were stable over the additional 48 hours in the serum-free control medium. After incubation for 24 hours in the serum-free medium, the cells were exposed to high K + or adrenocorticotropic hormone (ACTH) for another 24 hours. ACTH stimulated aldosterone secretion, and this increased secretion was associated with an increase in renin activity ( demonstrated. These observations provide evidence that the renin found in the adrenal is, at least in part, synthesized locally. Our laboratory also has shown that adrenal renin increases after a low sodium or high potassium diet and after nephrectomy and that there is a positive correlation between adrenal renin and adrenal aldosterone concentration.
demonstrated. These observations provide evidence that the renin found in the adrenal is, at least in part, synthesized locally.
Our laboratory also has shown that adrenal renin increases after a low sodium or high potassium diet and after nephrectomy and that there is a positive correlation between adrenal renin and adrenal aldosterone concentration. 10 - 11 Recently, we showed that almost all of renin mRNA was in the adrenal zona glomerulosa with very little in the zona fasciculatareticularis and that the renin mRNA increased after sodium depletion in the rat. 17 These observations suggest that adrenal renin synthesized in glomerulosa cells may be a possible regulator of aldosterone secretion.
Recently, our laboratory investigated the production of renin, angiotensin II, and aldosterone in rat adrenal capsular explant cultures in serum-free me-
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Hypertension Vol 16, No 6, December 1990 dium. 18 The attenuation of both aldosterone and renin production by a converting enzyme inhibitor (CEI) supports the hypothesis that a local reninangiotensin system exists in the adrenal capsule and is involved in the regulation of aldosterone production in glomerulosa cells. To further investigate dynamic changes of intracellular production of renin and aldosterone secretion, we developed a primary monolayer culture of glomerulosa cells in serum-free medium. We examined the effect of adrenocorticotropic hormone (ACTH) and potassium on renin activity and aldosterone production in the cells and in the medium. Also, we studied the effect of the CEI (lisinopril) on ACTH-and potassium-stimulated aldosterone secretion.
Methods

Cell Culture
Female Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, Ind.) weighing 150-175 g were killed by decapitation, and the adrenals were removed, cleaned of fat, and placed in ice-cold M 199 with Hanks' balanced salt solution. The capsular portion (zona glomerulosa) of the adrenal was peeled off, cut up into small fragments, transferred to 10 ml M 199 containing 15 mg collagenase (Type V, Sigma Chemical Co., St. Louis, Mo.) and 0.5 mg deoxyribonuclease (Type I, Worthington Biochemical Corp., Freehold, N.J.), and incubated at 37° C for 1 hour. The fragments were then separated from the enzyme solution by centrifugation, resuspended in ice-cold M 199, disrupted by repeated pipetting, and filtered through two-layer nylon gauze (pore size, 70 /im). The resulting suspension was centrifuged, and the cell pellet was washed three times by resuspension in PFMR-4 medium 19 (Biofluid Inc., Rockville, Md.) and recentrifugation at 1,500 rpm for 5 minutes. The PFMR-4 medium was supplemented with insulin (1 jig/ml), vitamin A (0.1 /ig/ml), vitamin C (18 /ig/ml), vitamin E (0.47 jig/ml), epidermal growth factor (5 ng/ml), penicillin G (100 units/ml), kanamycin (100 fig/ml), gentamycin (25 /ig/ml), and fungizone (1 pg/ml). Cells were resuspended in PFMR-4 medium (K + =4.2 mM) containing 10% fetal calf serum, seeded in 35-mm plastic culture dishes coated with fibronectin (5X10 5 cells/dish), and incubated in an atmosphere of 95.5% air and 4.5% CO 2 at 37° C. After 48 hours of incubation to allow for cell attachment, the medium containing fetal calf serum was removed from the dish, and the cells were washed twice with serumfree PFMR-4 medium; then 2 ml serum-free PFMR-4 medium containing 0.1% bovine serum albumin (BSA) was replenished. The culture was maintained for 48 hours in the serum-free medium. Medium was changed every 24 hours and collected for the measurement of aldosterone secretion.
Cell Number and Cell Viability
Cell number and cell viability in serum-free medium were determined every 24 hours. For determination of cell number, medium was removed and cells were detached by incubation with 1 ml HEPES buffer containing 0.02% trypsin, 0.04% EGTA, and 2% polyvinylpyrrolidone for 8 minutes at 37° C. Cells were diluted and counted immediately in a hemocytometer. Cell viability was examined by the trypan blue exclusion method.
Effect of Adrenocorticotropic Hormone, Potassium, and Converting Enzyme Inhibitor
After initial incubation for 48 hours in PFMR-4 medium containing 10% fetal calf serum, the medium was replaced with serum-free PFMR-4 medium containing 0.1% BSA. After incubation in serum-free medium for 24 hours, the medium was replaced and the cells were exposed to ACTH (10" n M to 10" 9 M, fragment 1-24, Sigma Chemical Co., St. Louis, Mo.) or high potassium (K + =12 mM) for another 24 hours. To determine the effect of converting enzyme inhibition, lisinopril (0.1 mM, Merck Sharp & Dohme Research Laboratories, Rahway, N.J.) was added with ACTH (10" n M) or high potassium (12 mM) in the medium. Medium was collected for the measurement of aldosterone and renin activity. At the end of the experiment, the cells were washed three times with ice-cold 0.1 M Tris acetate buffer (pH 7.4) and subsequently scraped off into 0.5 ml Tris-acetate buffer with the help of a cell scraper (American Scientific Products, McGaw Park, 111.) for measurement of renin activity and protein concentration. The medium and cells were then frozen at -70° C until assay.
Radioimmunoassay
Cells stored at -70° C were thawed at 4° C and frozen again on dry ice. This freezing-thawing cycle was repeated three times to obtain cell homogenates before the assays. Active renin in the cell homogenate was measured as follows: 100 pi cell homogenate (pH 7.4) was incubated with 5 fil of 8-hydroxyquinoline solution (0.34 M), 5 pi dimercaprol (2%), 25 pi EDTA (4%), 5 pi phenylmethylsulfonyl fluoride (100 mM), and 100 pi nephrectomized rat plasma as renin substrate. After incubation for 3 hours at 37° C, a 50 pi aliquot was taken for radioimmunoassay of generated angiotensin I (Ang I). Ang I was measured by using a commercially available kit (New England Nuclear, Boston, Mass.). Total renin was measured by the trypsin activation method. The cell homogenate was incubated with trypsin (0.1 mg/ml sample, type HI, Sigma) for 1 hour at 4° C. The reaction was stopped by the addition of lima-bean trypsin inhibitor (0.1 mg/ml sample, type II-L, Sigma). Inactive renin was calculated as the difference between total renin and active renin. Renin activity in the medium was measured by the same method as cellular renin activity, except 200 pi medium (pH 7.4) was used as a sample and incubation was carried out for 8 hours at 37° C.
Specificity of renin activity in the cell homogenate and the medium was determined by the effectiveness of inhibition of renin activity by an anti-hog kidney renin monoclonal antibody and a renin inhibitor (CP 71362, Pfizer Laboratories, New York). The anti-hog kidney monoclonal antibody was generously provided by Dr. Leonard Skeggs. 20 This antibody completely inhibited renin activity in a rat kidney extract at a dilution of l : 100, and a 1:1,000 dilution caused a 50% inhibition of renin activity. 12 The ability of this antibody to inhibit renin activity in the cells and the medium was tested by incubating the medium and the cell homogenate for 15 minutes at 37° C in the presence and the absence of the renin antibody (1:100) before the renin assay. Also, the effect of the renin inhibitor was determined by adding various amounts of renin inhibitor to renin substrate.
Aldosterone in the medium was measured by direct assay using a radioimmunoassay kit (Coat-aCount, Diagnostic Products, Los Angeles).
Protein concentration of the cell homogenate was measured by the method of Bradford. 21 Results are normalized to micrograms of cell protein for renin activity (pg Ang I//tg protein/3 hr) and aldosterone (pg/^ig protein). The results of the experiments are expressed as the mean±SEM. The data were analyzed statistically using analysis of variance. If a significant effect was shown, then Student's t test was used to determine which differences were significant. Significance was defined as a value of p< 0.05.
Results
After incubation for 48 hours in the medium containing 10% fetal calf serum, 60% of initially seeded cells were attached. Figure 1 shows that the cell number in serum-free control medium did not change until the end of the experiment, and the viability of the attached cells determined by trypan blue exclusion was approximately 95% at the end of the experiment. Aldosterone secretion in the serumfree medium was measured at the end of a 48-72-hour incubation period and again at the end of 72-96 hours of incubation. Aldosterone secretion was also After ACTH stimulation, there was a strong positive correlation between aldosterone and active or inactive renin in the cells (active renin, r=0.83, /><0.001; inactive renin, r=0.82,/?<0.001). Figure 4 shows the effect of high potassium (K + = 12 mM) on aldosterone secretion. High potassium stimulated aldosterone secretion significantly (from 134.6±12.4 to 410.2±90.4 pg/^g protein). Figure 5 shows the effect of high potassium (K + = 12 mM) on renin activity. Both in control and after high potassium, the greater part (80-90%) of renin activity in the cells was active renin, whereas that in the medium was inactive renin. The increased aldosterone secretion after high potassium was associated with an increase in active renin in the cells (from 15.08±1.80 to 23.26±2.15 pg Ang I//ig protein/3 hr) and an increase in inactive renin in the Eighty percent of active and total renin activity both in the cells and in the medium, including ACTH-and high potassium-stimulated renin, was inhibited by 1:100 dilution of anti-hog kidney renin antibody. The renin inhibitor (CP 71362) also inhibited these renin activities by greater than 95% at a concentration of 100 nM, and an 80% inhibition was observed at 10 nM. This inhibition ratio was identical to the effect of the renin inhibitor on plasma renin and adrenal renin of freshly homogenized adrenal capsules in rats (data not shown). To further assess the role of the adrenal reninangiotensin system in aldosterone secretion, the effect of lisinopril on ACTH-and high potassiumstimulated aldosterone secretion was examined. Figure 6 shows that 0.1 mM lisinopril attenuated both ACTH-and high potassium-stimulated aldosterone secretion by 58% and 48%, respectively; however, this concentration of lisinopril had no effect on basal aldosterone secretion (control, 118.2±4.3; after lisinopril, 128.9 ±16.9 pg/)ug protein, n=6). To investigate a possible toxic effect of lisinopril on the glomerulosa cells in culture, we examined the cell number and cell viability after incubation with 0.1 mM lisinopril for 24 hours. Lisinopril and a combination of lisinopril and high potassium did not affect either cell number or cell viability (Table 1) .
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Lisinopril had little effect on renin, although there was a tendency to increase secretion of renin in the medium.
Discussion
It is widely accepted that a specific immunoreactive renin is present in the adrenal cortex.
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Previously Naruse and Inagami 6 showed that adrenal renin continued to increase after bilateral nephrectomy when plasma active renin was very low; we confirmed these results and demonstrated that the increase in renin was confined to the zona glomerulosa cells.
1011 Since these early observations, the renin mRNA in adrenal zona glomerulosa cells has been detected. 15 - 17 We have shown that the renin mRNA correlated with the location of the enzyme activity in the zona glomerulosa and furthermore that the renin mRNA increased with sodium depletion. 17 These in vivo findings suggest that adrenal renin is, at least in part, synthesized endogenously rather than being taken up from the blood vessels. Other components of the renin-angiotensin system have been detected in the adrenal gland: angiotensinogen 25 These findings suggest a possible autocrine or paracrine function of the adrenal renin-angiotensin system. In fact, our laboratory has reported a positive correlation between adrenal renin and adrenal aldosterone in rats.
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The investigation of the regulation of adrenal renin production in vivo is confounded by the numerous variables that influence the adrenal gland. In the present studies, we developed a rat zona glomerulosa cell culture that has the advantage of continuous aldosterone production and good viability of cells after 48 hours of culture in serum-free media. The use of serum-free media eliminates contamination of renin and angiotensinogen from serum. During the initial 48 hours of culture, it was necessary to supple- After incubation in serum-free medium for 24 hours, cells were incubated with or without lisinopril (0.1 mM) for another 24 hours. The combination of lisinopril and high potassium (12 mM) was also tested. Data represent mean±SEM. ment the media with 10% fetal calf serum for the cells to attach to the culture dish. Also, in preliminary experiments not reported here, it appeared that addition of the antioxidants Vitamin C and E was necessary to maintain aldosterone production. Crivello et al 26 showed that the rapid loss of aldosterone biosynthesis in cultured glomerulosa cells was caused by susceptibility of the 11/J-hydroxylase (cytochrome P-450 n p) activity to oxidation and that addition of antioxidants to the media protected the enzyme activity. Aldosterone production in our culture system did respond to two known stimuli, ACTH and potassium.
The results from this in vitro zona glomerulosa cell culture system confirm and extend our previous in vivo data that zona glomerulosa cells can synthesize renin. The pronounced increase in both active and inactive renin in response to stimuli in serum-free media illustrates this point. Active renin remained primarily in the cell, whereas inactive renin was readily released into the media, presumably through a constitutive pathway. Because inactive renin is most likely a pro-renin, 27 -29 the total amount of renin synthesized in response to the two stimuli is markedly increased. Furthermore, these results do not take into account any possible renin metabolism by the cells. When adrenal capsules are quickly homogenized and renin is measured, the renin is largely active renin with only about 5-15% inactive renin, very similar to what is found in the cells after culture in serum-free media for 48 hours.
We have previously shown that rats eating a high potassium diet have an increased concentration of adrenal renin.
1011 Also, ACTH administration to rats in vivo increased adrenal renin concentration. 12 The present in vitro results demonstrate that potassium and ACTH act by a direct effect on the zona glomerulosa cell, presumably to activate the renin gene leading to increased renin mRNA and subsequently pro-renin and renin synthesis.
Several investigators have reported that CEI attenuates ACTH-stimulated aldosterone secretion in humans in vivo, but the plasma cortisol response is not inhibited. 30 - 32 Ramirez et al 31 suggested that this effect was related to a decrease in plasma angiotensin II levels. However, our studies suggest that CEI may also have a direct effect on the adrenal zona glomerulosa cell by inhibiting the aldosterone response to ACTH.
The cell culture experiments confirm our previous work with adrenal capsular explant cultures in which we demonstrated that lisinopril inhibited the potassium stimulation of aldosterone and lowered angiotensin II production. 18 Nakamaru et al 25 also demonstrated reduced aldosterone response to potassium in vivo and in vitro in rats pretreated with captopril. We extend this effect of CEI to ACTH stimulation of aldosterone. The CEI presumably acts by blocking conversion of Ang I to angiotensin II, because by cell count and by trypan blue exclusion, we could not detect any toxic effect of CEI. Furthermore, renin synthesis was not significantly altered by CEI. This latter finding suggested that there is no local feedback inhibition by locally produced angiotensin II on renin synthesis as appears to be the case for circulating angiotensin II on adrenal renin concentration. In support of the negative feedback between circulating angiotensin II and adrenal renin concentration, we have shown that angiotensin II infusion could block the increase in adrenal renin in response to nephrectomy. 12 Recently, Horiba et al 33 reported that captopril inhibited angiotensin II and aldosterone secretion into the medium by bovine glomerulosa cell culture. We did not measure angiotensin II in the present experiments since our method for measuring angiotensin II requires the inhibition of renin activity to limit new angiotensin II production and thus precludes any renin measurement. 18 In conclusion, these data indicate that renin is synthesized in zona glomerulosa cells in vitro and that a local renin system may play a role in the regulation of aldosterone production.
